ABSTRACT
INTRODUCTION
Two-dimensional (2D) organic-inorganic hybrid halide perovskites have been an important class of highperformance semiconductors and received significant attention in recent years due to their impressive structural diversity and the enormous potential in the fields like solar cells, photodetectors, lasers and light-emitting diodes [1] [2] [3] [4] [5] [6] [7] [8] . Among hybrid semiconductors, the 2D layered hybrid perovskite quantum well materials (C n H 2n+1 NH 3 ) 2 (CH 3 NH 3 ) m-1 Pb m X 3m+1 , (X=Cl, Br, I; m=1, 2...; n=1, 2...) have attracted extensive attention, because the well width and the barrier width can be changed by altering m and n, respectively [9] [10] [11] [12] . This layered structure is packed by one or more sheets of cornershared PbX 6 octahedra and bilayers of organic cations alternating along the c axis [3] . The excitons within the octahedral planes are isolated by the organic layers which act as a dielectric spacer forming confining layers, leading to high oscillator strengths, high exciton binding energies, and fast radiative decay rates [8, 9, 13, 14] . These features are highly beneficial to the applications in the field of lighting and displays. Here we aimed to determine the luminescent properties of 2D hybrid perovskites (C 4 H 9 NH 3 ) 2 PbCl 4 (m=1, n=4). Up to now, the analogous series have been extensively explored for solar cells and photodetectors [7, 8, [15] [16] . Despite some research on the intrinsic optical performance of 2D perovskites, such as (C 6 [12] , and others [1, 9, 13, 19] , little attention has been paid to the luminescence properties of 2D layered hybrid perovskite doped with transition metal ions (i.e., Mn 2+ , Ni 2+ , Co 2+ ) [14] . Doping Mn 2+ ions in low-dimensional semiconductor materials in quantum confinement regime provides fascinating optical properties, due to the interaction of the quantum confined charge carriers of the host with the dopant ions [20] [21] [22] . Herein, we attempted to use (C 4 H 9 NH 3 ) 2 PbCl 4 -based bulk 2D layered perovskites as the active semiconductor host with incorporating Mn 2+ dopant ions for energy transfer. Interestingly, the luminescent characteristics of Mn 2+ were rapidly generated by only some mild external stimulus, such as room-temperature grinding, in Mn II -based 2D chloride perovskites. The result shows that we developed a facile and effective mechanochemical synthesis for incorporating manganese ions into 2D organic-inorganic hybrid lead-halide perovskites. Nowadays, the mechanochemical synthesis has been considered to be a candidate for such a purpose, because high yields may be achieved in short times, without solvents, and generating small amounts of residuals [23] . This is an efficient and environmentfriendly method that has been intensively studied [24, 25] . Our strategy opens up a new way to achieving highperformance fluorescence based on the facile incorporation of the luminescent activators in the pre-synthesized hosts.
Therefore, considering the intriguing luminescence in Mn II -based 2D hybrid perovskites, (C 4 H 9 NH 3 ) 2 PbCl 4 is designed and measured by powder X-ray diffraction (PXRD) structural refinement, microstructure observation and elemental analysis, fluorescence analysis, UVvisible absorbance/reflection and the density functional theory (DFT) calculation. As expected, they exhibit quickly violet and orange emissions only by the mild grinding stimuli which are ascribed to (C 4 Cl: n-Butylamine (10 mL) was added into 25 mL methanol in a 100-mL 3-neck flask, and maintained at 0°C, using an ice-water bath. An appropriate amount of HCl aqueous solution (HCl: 13 mL, 33 wt%) was added dropwise to the above solution under vigorous stirring. Then the mixture was stirred at room temperature (RT) for about 3 h. The solution was then heated at about 70°C until all the methanol and water in the solution were removed. Here a white-solid product was washed repeatedly with ethyl ether, and after filtration the white solid was dried at 60°C for 24 h in a vacuum oven. Synthesis of (C 4 H 9 NH 3 ) 2 PbCl 4 : The as-prepared C 4 H 9 NH 3 Cl (2 mmol) and PbCl 2 (1 mmol) were dissolved into 2 mL DMF and heated to 90°C. Toluene was added to the hot clear solution until the solution began to become cloudy. The heat was removed and the solution was naturally cooled to RT. This leads to the formation of lamellar white crystals in copious amounts. After standing for 5 h, the supernatant was removed and the crystals were washed repeatedly with acetone or diethyl ether. The (C 4 
Characterization
The PXRD data were collected by using a D8 Advance diffractometer (Bruker Corporation, Germany) at 40 kV and 40 mA with monochromatized Cu Kα radiation (λ=1.5406 Å). The scanning rate for phase identification was fixed at 8°min −1 with a 2θ range from 5°to 50°, and the data for Rietveld analysis was collected in a stepscanning mode with a step size of 0.02°and 5 s counting time per step over a 2θ range from 5°to 120°. Rietveld refinements were performed by using TOPAS 4.2 software. The morphology observation was conducted by a scanning electron microscope (SEM, JEOL JSM-6510) and the elemental composition was determined using energy dispersive X-ray spectroscopy (EDS) that was attached to the SEM. Transmission electron microscopy (TEM) was performed on a JEM-2010 operated at 120 keV on 200 mesh carbon coated nickel grids and EDS was performed on a probe aberration corrected microscope, JEOL JEM-ARM200CF, at 200 kV. The room-temperature photoluminescence (PL), photoluminescence excitation (PLE) spectra and luminescence decay curves were obtained using a FLSP9200 fluorescence spectrophotometer (Edinburgh Instruments Ltd., U. K.). The absorption spectra were measured on a UV-vis-NIR spectrophotometer (SolidSpec-3700 Shimadzu) with BaSO 4 serving as the reference standard. The photoluminescence quantum yields (PLQYs) were recorded by a commercialized PLQY measurement system from Ocean Optics with excitation from a 365-nm LED.
Computational methods
All calculations were carried out using the Vienna ab initio simulation package (VASP) with projector augmented wave (PAW) potentials [26, 27] . DFT calculation was performed at a single point at the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [28] . The structure relaxations were carried out with a 450 eV plane-wave cutoff. The self-consistent total-energy difference and the convergence criterion for the forces on the atoms were set to 10 −4 eV and 0.05 eV Å −1 , respectively. For k-point integration within the first Brillouin zone, 6×6×2 Monkhorst-Pack grid for (C 4 H 9 NH 3 ) 2 PbCl 4 was selected. Based on the static states mentioned above, we calculated the corresponding band structures, density of states (DOSs) and formation energy for both undoped and Mn doped (C 4 H 9 NH 3 ) 2 PbCl 4 . In band structures and DOSs, the zero energy point was set to the Fermi level of the pure (C 4 H 9 NH 3 ) 2 PbCl 4 . The Mndoped materials were corrected by aligning the electrostatic potential (V av ) of C atoms located far from the defects to the V av for the same element in the pure (C 4 H 9 NH 3 ) 2 PbCl 4 [29] .
RESULTS AND DISCUSSION
As illustrated in Fig. 1a -c, a typical experiment for synthesizing the 2D perovskites consists of three steps: precursor synthesis (Fig. 1a) , self-assembly ( Fig. 1b) and crystallization (Fig. 1c) . The crystallinity of the product is affected by the purity of precursor and crystallization time, and especially the toluene content plays a key role in the crystal quality of the sample. In addition, the synthesis results are repeatable. The PXRD patterns reflect only the diffraction peaks of (00L) (L=2, 4, 6, 8, 10, 12 and 14) crystal planes due to distinct preferred orientation, as shown in Fig. 2a , which also reveals the layered structure [14, 15] . The preferred orientations were eliminated by the introduction of amorphous glass. The diffraction peaks of all crystallographic planes were obtained, which indicates that we have the opportunity to obtain the structural information by Rietveld refinement. The refinement results (Fig. 2c ) reveal that (C 4 H 9 NH 3 ) 2 PbCl 4 belongs to the orthorhombic system with a polar space group of Pbca at RT (Table 1) . (C 4 H 9 NH 3 ) 2 PbCl 4 adopts the 2D perovskite structure (Fig. 1d) . Structurally, the alternating stacking of organic chain molecules and inorganic functional groups which are linked together by hydrogen bonds induces the formation of 2D layered perovskite structure. Due to the presence of organic molecules, mixed perovskite materials have more opportunities to achieve mechanical and structural modifications [30, 31] . Accordingly, we tried to gain some attractive phenomena or characteristics through routine mechanochemical synthesis, such as grinding, heating and irradiation.
Herein, as shown in Fig. 1e , a designed amount of MnBr 2 was added to the perovskite crystals and then ground at RT. It is incredible that the sample rapidly exhibited orange-red fluorescence with continuous grinding when it was irradiated by an ultraviolet lamp In addition, Fig. 3a, b show the SEM images of (C 4 H 9 NH 3 ) 2 PbCl 4 crystal with the largest particle size up to 100 μm. Fig. 3f , k present the morphology of the samples after grinding, showing that the particles agglomerate. Moreover, the composition uniformity of (C 4 H 9 NH 3 ) 2 Pb 1-x Mn x Cl 4 was checked by elemental mapping. As shown in Fig. 3c, d , g-i and l-n, the manganese element is homogeneously distributed in these doped samples. Moreover, surface accumulation or phase segregation is not found. The average atomic ratios of Pb/Cl determined by EDS (Fig. 3e, j and o ) are in accordance with that in the molecular formula 1:4. This further demonstrates that we developed an effective facile approach for incorporating Mn 2+ into 2D organicinorganic hybrid perovskite. Fig. 3p gives the optical microscopy photograph of (C 4 with 365 nm UV light source excitation and exhibits the excellent luminescence properties which will be further discussed later.
To further demonstrate the morphology and structure evolution of (C 4 H 9 NH 3 ) 2 PbCl 4 , the TEM and the high resolution TEM (HRTEM) imaging were carried out, as shown in Fig. 3q-s. The size of the as-ground (C 4 H 9 NH 3 ) 2 PbCl 4 was determined to be about 15 to 20 nm, indicating that 2D perovskite can be easily ground into nanoparticles. The solid diffusion reaction is mainly controlled by grain boundary diffusion, and the diffusion rate would be fast in nanoscale particles [32, 33] . Meanwhile, the powder diffraction results (Fig. 2c, d) show that the crystal structure of the ground sample still belongs to 2D layered perovskite. The HRTEM results reveal lattice fringes with the planar spacing of 0.2591 and 0.3036 nm that corresponds to the (224) and (206) lattice planes of (C 4 H 9 NH 3 ) 2 PbCl 4 , respectively. As shown in Fig. 3t, [34] .
The calculated results are summarized in Table 2 , and the formation energy E f (eV) of (C 4 H 9 NH 3 ) 2 Pb 0.82 -Mn 0.18 Cl 4 is −3.22 eV, indicating that the doped compound is easy to form and more stable than the pure one. Therefore, Mn 2+ can enter the Pb sites at RT.
This can also be a reasonable explanation for the above phenomenon, that is, the luminescent features can be rapidly changed only by room-temperature grinding in Mn II -based 2D hybrid perovskite. Then, we systematically studied the optical properties of (C 4 H 9 NH 3 ) 2 Pb 1-x Mn x Cl 4 . As can be seen from the normalized absorption and emission spectra in Fig. 4a , the (C 4 H 9 NH 3 ) 2 Pb 1-x Mn x Cl 4 (x>0) samples exhibit a narrow emission and a broad emission band peaking at~4 05 and~615 nm at the exciting wavelength of 365 nm. Meanwhile, the ratio of the narrow emission to the broad emission decreases with increasing Mn 2+ content and the corresponding Commission Internationale de L'Eclairage (CIE) chromaticity diagrams calculated from the emission spectra of samples are shown in Fig. 4b . Especially, as shown in Fig. S3a , b, the pure (C 4 H 9 NH 3 ) 2 PbCl 4 has trap emissions in the wavelength region of 450-650 nm and 755-785 nm. And the fluorescence intensity is very weak due to a large number of defects. The trap emissions almost disappeared with the incorporation of Mn 2+ .
Simultaneously, as shown in Fig. 4c , the band-edge emission spectrum of the host ( [35] , where I is the luminescence intensity, t is the time after excitation, τ i (i=1, 2) represents the decay time of i component, and parameters A 1 and A 2 are the fitting constants. Moreover, the average lifetime (τ) can be determined using the calculation below:
2 )/(A 1 τ 1 +A 2 τ 2 ) [34, 35] .
As shown in Fig. 4f, Fig. S2a-f . The exciton absorption peaks are observed at the absorption edge in 2D hybrid perovskites [39, 40] . Considering the exciton absorption, the optical band gaps of (C 4 Fig. 5a-d . The structural models used for the calculation are based on the PXRD refinement. The calculations predict a directed band gap (E g ) of 3.12 eV, with the conduction band minimum (CBM) and valence band maximum both located at the k-point of U. When Mn doping concentration is 20%, the band gap decreases to 3.07 eV. Fig. 5c displays the calculated total and partial DOSs of (C 4 H 9 NH 3 ) 2 PbCl 4 , indicating that the top of the valence band is dominated by the orbitals of Cl while the CBM are mainly constituted by the orbitals of Pb. After Mn 2+ incorporation, localized energy levels from Mn 2+ appear above the valence band and just at the CBM as shown in Fig. 5d , which induces the possible additional transition. Since the energy level of Mn is located just at the CBM, photo-generated electrons in the semiconductor could easily jump from the CBM to Mn. This process together with the energy transfer mentioned above causes the efficient luminescence of Mn 2+ . Fig. 5e Mn x Cl 4 is described in Fig. 5f . Briefly, the violet and orange emissions of (C 
